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We study the thermodynamics of a Brownian particle under the influence of a time multiplexed
harmonic potential of finite width. The memory storage mechanism and the erasure protocol realized
by time multiplexed potentials are utilized to experimentally realize erasure with work close to the
Landauer’s bound. We quantify the work done on the system with respect to the duty-ratio of time
multiplexing, which also provides a handle to approach reversible erasures. A Langevin dynamics
based simulation model is developed for the proposed memory bit and the erasure protocol, which
guides the experimental realization. The study also provides insights into transport at the micro
scale.
PACS numbers: 05.40.-a, 05.70.Ln
The Landauer’s principle, pioneered by Rolf Landauer
in 1961, provides a critical link between information the-
ory and thermodynamics of physical systems [1]. It states
that there is no process where the work done to erase
one bit of information is less than kbT ln 2 (Landauer’s
bound), when the prior probability of the bit being in any
of the two states is equal [2]. Here, kb is the Boltzmann
constant and T is the temperature of the heat bath.
Numerous analyses have established the Landauer’s
bound through different approaches [3–7]. The experi-
mental study of Landauer’s bound has only recently be-
come viable, enabled by tools that provide access to pro-
cesses with energetics in the scale of kbT . A first such
study in [8] examined Landauer’s bound, by employing
optical traps to create a double well potential and real-
ize a single bit memory. Bechhoefer et.al. [9, 10] used
an anti-Brownian electrokinetic feedback trap and Hong
et.al. [11] used nano magnetic memory bits to analyze
the Landauer’s bound. Studies in [8–11] demonstrate
mechanisms for realizing memory and its erasure with
energetics approaching Landauer’s bound.
In this article, we study the stochastic energetics of
transport realized by time multiplexing of a finite width
harmonic potential to effectively realize a bi-stable po-
tential. Here a single laser in an optical tweezer setup, is
multiplexed at two locations with varying dwell times to
create a series of potentials (symmetric as well as asym-
metric bi-stable potentials), that effectuates the erasure
process. Moreover, experimental variables to realize re-
versible erasure are identified and utilized for approach-
ing the Landauer’s bound. A Langevin framework for a
Brownian particle under the influence of a time multi-
plexed laser is developed and is shown to obey quantita-
tive trends observed in experiments. We use our method
of shaping the potential, by changing the dwell time of
multiplexing of the laser, to erase one bit of informa-
tion. The ease of implementation and the high-resolution
accounting of energetics enabled by photodiode based
measurements are other advantages of the method re-
ported. We resort to Sekimoto’s stochastic energetics
[12–15] framework to quantify the work done on the sys-
tem in the erasure process. The underlying principles
developed in this article are applicable toward the study
of transport achieved by time multiplexing of a single
potential, and are not restricted to realizations based on
optical traps.
Experiment and Simulation Model for one-bit Memory:
A Brownian particle in a double well potential is used to
model a one-bit memory. The memory is designated the
state ‘zero’ if the particle is in the left well, and the state
‘one’ if it is in the right well. We realize a Brownian
particle in a harmonic potential of finite width experi-
mentally, by using a custom built optical tweezer setup
to trap a polystyrene bead (1µm in diameter) while sus-
pended in a solution of deionized water (near the focus
of a laser beam). The bead experiences a harmonic po-
tential of stiffness k up to a distance w on either side of
a locally stable equilibrium point beyond which it does
not experience any potential gradient due to the trap
(see supplementary material [16] for characterization of
k and w for the harmonic potential with finite width). A
double well potential with two locally stable equilibrium
points located at L and −L is then created by alternately
focusing a laser between the two locations (termed as
time-multiplexing) at a fast rate (using an Acousto Op-
tical Deflector), as compared to the time scales of the
dynamics of the bead. The bead represents the thermo-
dynamic system of interest, the surrounding medium acts
as a heat bath, and the trapping laser multiplexed at the
two locations is the external system, which is coupled to
the thermodynamic system. We define duty-ratio d as
the fraction of the time-period the laser spends at the
location −L. The nature of the effective potential ex-
perienced by the Brownian particle can be manipulated
by adjusting the duty-ratio. The probability distribution
Pd(x) of the position x of the bead in thermal equilib-
rium with the heat bath at temperature T is determined
by the position of the bead measured by the photodiode.
The potential energy landscape U(x, d) experienced by
the bead for a duty-ratio d, is determined by the relation-
ship Pd(x) = Ce−U(x,d)/kbT , where C is a normalization
constant; Pd(x) is determined by binning the measured
position of the bead. Maintaining a duty-ratio of 0.5 re-
sults in near identical parabolic potential wells at L and
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FIG. 1. Double well potential for L = 550 nm obtained using
Monte-Carlo simulations and experiments.
−L as shown in Fig. 1 while duty-ratio greater than 0.5
leads to asymmetric double well potentials as shown in
Fig. 2.
The bead dynamics is modeled by the overdamped
Langevin equation and is given by,
−γ dx
dt
+ ξ(t)− ∂U(x, d)
∂x
= 0. (1)
Here, γ is the coefficient of viscosity (determined experi-
mentally by step response method [17]) and ξ(t) is mod-
eled as a zero-mean uncorrelated Gaussian noise process
with mean, 〈ξ(t)〉 = 0 and correlation, 〈ξ(t), ξ(t′)〉 =
2γkbTδ(t− t′).
The model for the potential U(x, d) used in (1) incorpo-
rates the experimental observation that, for the duration
when the laser remains focused at the location L or −L,
the bead experiences a harmonic potential 12k(x − L)2
or 12k(x + L)
2 respectively; but beyond the distance w
from the locally stable equilibrium points L or −L, the
bead undergoes a random walk [16, 18]. Here, the stiff-
ness of the laser trap (k) and width of the corresponding
parabolic potential (w) are determined by characteriza-
tion of the non-ideal harmonic potential obtained due to
a single trap, as described in the supplementary material
[16]. Monte Carlo simulations performed using (1) and
the subsequent potential U(x, d) reconstructed from bead
position data, using canonical distribution yield poten-
tials that match closely with experimental observations
as seen in Fig. 1. Interestingly, we observe from the
Monte Carlo simulations that the stiffness of each of the
wells formed at L and −L when the duty-ratio is 0.5 is
close to k2 , which is half the stiffness k of the trap real-
ized without multiplexing. Moreover, the stiffness of the
wells at L and −L obtained from experimental data is
also close to k2 , thus agreeing with the simulation results.
Erasure Process: Erasure is a logically irreversible op-
eration [19], where irrespective of the initial state of the
memory, the final state is zero (also known as ‘reset-
to-zero’operation). A bead in a symmetric double well
potential can occupy either well with equal probability;
FIG. 2. Effect of duty-ratio on the nature of double well
potential. Increasing the duty-ratio at −L from 0.75 to 0.8
increases the asymmetry of the potential.
and is used to model a single bit memory. Initially, it is
equally likely that the memory occupies the state zero or
one, and at the end of erasure process the memory state
must be zero (the bead must be in the left well). Thus,
there is no change in average energy of the bead in an
erasure process while the decrease in entropy associated
with erasure is kb ln 2; thereby requiring at least kbT ln 2
amount of work to be done on the system [2]. The Lan-
dauer’s bound is applicable to the average work done on
the system over many realizations of the bead trajectory;
indeed, it is possible to obtain individual erasure realiza-
tions where the work done on the system is less than
kbT ln 2. As we demonstrate later, for certain trajecto-
ries the work done on the bead is lower than kbT ln 2 (see
Fig. 6).
The Landauer’s bound of kbT ln 2 holds if the era-
sure process is always successful. Partially success-
ful erasures with success proportion p require at least
kbT (ln 2 + p ln p + (1 − p) ln(1 − p)) amount of work to
be done on the system [2]. It is important to note that
the bound decays rapidly as p decreases from 1; with the
bound being kbT ln 2 for p = 1 and zero for p = 0.5. In
our study, we ensure that p > 0.95. For computing the
work done on the system, only those trajectories that
lead to a successful erasure are considered.
To realize erasure, the duty-ratio of laser time-
multiplexing is manipulated according to the following
protocol: initially, a symmetric double well potential is
realized by employing a duty-ratio of 0.5. Then, for rais-
ing the well at L and lowering the well at−L (asymmetric
double well potential), the duty-ratio at −L is increased
to values greater than 0.5 for a time duration τ . As a re-
sult, over the time duration τ , the laser spends more time
focused at −L than at L, enabling an asymmetric poten-
tial landscape as is observed in Fig. 2. Increasing the
duty-ratio results in a lower barrier height for the right
to left transition than for the left to right transition. It
thus favors the transport of the bead from the right to
the left well, if it was initially in the right well as shown
in Fig. 3 (a) and retains the bead in the left well if it was
initially in the left well as shown in Fig. 3(b). Finally,
we revert the duty-ratio to 0.5. For the erasure duration
τ chosen in this article, that is the duration for which we
have an asymmetric double well potential (see [16]), the
success proportion p obtained from simulations is shown
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FIG. 3. (a) Schematic showing erasure process, with bead
initially in the right well. The initial bead position is 1 (right
well), with potential energy V2 The duty-ratio d at left well is
then increased, which lifts the bead and takes it to position
2 with energy V1. Thermal fluctuations enables the bead to
cross the barrier and reach position 3, with energy V3. De-
creasing the duty-ratio back to 0.5 lifts the bead to position
4, which has energy V2. The process 1 → 2 → 3 → 4 is the
erasure process. (b) Schematic showing erasure process, with
bead initially in the left well. Here, the process 1→ 2→ 3 is
the erasure process. (c) The signals r(t) and l(t) denote the
presence/ absence status of the laser at L and−L respectively.
A value of 1 means present and 0 means absent. To ensure a
duty-ratio greater than 0.5, we maintain d = Ton/Tcycle > 0.5.
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FIG. 4. Effect of duty-ratio on success proportion p. duty-
ratio of 0.65 has a success proportion of 0.82.
in Fig. 4. It is seen that the duty-ratio of 0.65 yields
success proportion significantly less than 0.95, while a
duty-ratio > 0.7 shows a success proportion greater than
0.95. Similar trends are reflected from experiments as
seen in Fig. 4.
Erasure Thermodynamics: We now utilize the
stochastic-energetics framework for Langevin systems
[14, 15] and quantify the work done on the system,
associated with erasure process realized by manipulation
of duty-ratios. The external system does work on
the bead by changing the duty-ratio, which results in
modifying the potential felt by the bead. For an erasure
process, the work done on the bead dW is given by,
dW =
∑
j
[U(x(tj), d(t
+
j ))− U(x(tj), d(t−j )], (2)
where d denotes the discontinuous parameter (here, the
duty-ratio) changed by the external system, and tj de-
notes the time instances when the parameter was changed
(t−j and t
+
j denote the instants just before and after
changing the parameter respectively).
Landauer’s bound can be reached when the erasure
process is performed in a quasi static manner, with suc-
cess proportion of erasure being one. For an erasure per-
formed over a large but finite duration τ , the average
work done on the system is [13],
〈dW 〉 = dWLandauer + B
τ
(3)
where, dWLandauer = kbT ln 2 = 0.693kbT . The duration
for which an asymmetric double well potential is realized,
τ , is a scalar multiple of the exit time of the bead from the
right well, denoted by τe. It is known that τe ∝ exp(δUr)√kr ,
[20] where δUr is the barrier height of the right well, kr is
the stiffness of the right well and exp(.) is the exponential
function. Note that d−0.5 is indicative of the asymmetric
nature of the double well potential; higher the value more
is the asymmetry. We determine the dependency of δUr
and kr on the 1d−0.5 (inverse of the deviation of duty ratio
from 0.5) empirically, to obtain τ ∝ τe ∝ exp(
1
d−0.5 )√
1
d−0.5
(see
supplementary material for details), and substituting it
in (3) for τ leads to,
〈dW 〉 = dWLandauer +B
exp(− 1d−0.5 )√
d− 0.5 . (4)
In the limit of d ↓ 0.5, the asymmetry of the double
well potential vanishes, and the time duration τ required
for successful erasures (with p = 1) is large when com-
pared to time scales of bead dynamics, thereby resem-
bling a quasi-static process. Thus, the duty-ratio pro-
vides a handle to realize quasi-static erasure processes
using time multiplexed potentials.
The average work done on the bead 〈dW 〉, for duty-
ratio d > 0.7 obtained through simulations and experi-
ments is shown in Fig. 5(a) and Fig. 5(b) respectively;
where the trends are similar. It is seen that as the duty-
ratio is reduced, the average work done on the bead de-
creases. For a duty-ratio of 0.7, average work done on the
system obtained through simulations is 0.71± 0.035kbT .
Experimentally for duty-ratio of 0.7, the average work
done on the bead is determined to be 0.9±0.106kbT . The
average work of 0.9± 0.106kbT to erase a bit of informa-
tion is the closest to the Landauer’s bound of kbT ln 2
reported. The primary sources of error in the average
work done on the system computed from position mea-
surements are introduced by the photodiode based mea-
surement scheme, which is estimated to be in the order
of 10−3kbT (see supplementary material [16], [21]).
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FIG. 5. The blue circles represent the average work done on
the bead obtained using simulations in (a) and experiments
in (b) for duty-ratio of 0.7, 0.75, 0.8, 0.85. The vertical lines
represent the standard error in mean for each duty-ratio. The
black dotted line denotes the the Landauer bound of kbT ln 2.
The red dotted line is the fit with the free parameters A and
B.
FIG. 6. Distribution of work done on the bead obtained from
simulations and experiments for a duty-ratio of 0.7. The na-
ture of the distribution is bimodal.
We fit the model derived in (4), 〈dW 〉fit = A +
B
exp(− 1d−0.5 )√
d−0.5 to the average work done on the bead ob-
tained by simulations and experiments for various duty-
ratio values, with A and B being free parameters (see Fig.
5). Using simulation data we obtain A = 0.697kbT,B =
8.25kbT , whereas for experimental data we have A =
0.701kbT,B = 35.04kbT . It is seen that A (which repre-
sents the average work done on the system in the quasi-
static case) has a value close to the Landauer bound of
kbT ln 2 (= 0.693kbT ), in both simulations as well as ex-
periments.
The distribution of work done while erasing a bit at a
duty-ratio of 0.7, obtained from simulations and experi-
ments is shown in Fig. 6. It is evident that for a fraction
of trajectories, the work done on the bead is less than
the Landauer’s bound; indeed, for some trajectories it is
negative. However, the mean of the distribution is close
to the Landauer’s bound. Moreover, a bimodal nature of
the distribution is evident. The mode on the right cor-
responds to work done for the right to left (or 1 → 0)
transfers and mode on the left corresponds to left to left
(or 0 → 0) transfers. The characteristics of the simula-
tion data are confirmed by experiments as shown in Fig.
6.
In summary, the energetics of a Brownian particle in-
fluenced by a time-multiplexed potential was analyzed
using Sekimoto’s framework. The duty-ratio of how the
laser is multiplexed is used to realize erasure of one bit of
information. The deviation of the external parameter of
duty-ratio from 0.5 provides an effective way of control-
ling the approach of an erasure process toward a quasi-
static process. Our analysis indicates that as the duty-
ratio is brought closer to 0.5, the average work done on
the system approaches the Landauer’s bound of kbT ln 2.
Conclusions: In this article, we study the thermody-
namics of a Brownian particle influenced by the time
multiplexing of a single non-ideal harmonic potential. A
Monte Carlo simulation framework for a Brownian par-
ticle under the influence of a time multiplexed laser is
also developed and is shown to obey quantitative trends
observed in experiments. We demonstrate that the duty-
ratio provides a handle on the speed of the erasure pro-
cess and its approach to reversibility. It is established
through experiments and simulations that realizing era-
sure with the duty-ratio nearing 0.5 results in the average
work done approaching kbT ln 2; which is the minimum
average work required to erase one bit of information.
Furthermore, the method is easy to implement on a stan-
dard optical tweezer setup. The insights obtained from
this article can be potentially leveraged to realize practi-
cal devices that yield erasure mechanisms with energetics
in the order of kbT ln 2.
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